Hepatic steatosis results from several processes. To assess their relative roles, hepatocellular long-chain fatty acid (LCFA) uptake was assayed in hepatocytes from C57BL/6J control mice, mice with steatosis from a high-fat diet (HFD) or 10%, 14%, or 18% ethanol (EtOH) in drinking water [functioning leptin-signaling groups (FLSGs)], and ob/ob and db/db mice. V max for uptake was increased vs. controls (P Ͻ 0.001) and correlated significantly with liver weight and triglycerides (TGs) in all FLSG mice but was minimally or not increased in ob/ob and db/db mice, in which liver weights and TGs greatly exceeded projections from regressions in FLSG animals. Coefficients of determination (R 2 ) for these FLSG regressions suggest that increased LCFA uptake accounts for ϳ80% of the increase in hepatic TGs within these groups, but increased lipogenic gene expression data suggest that enhanced LCFA synthesis is the major contributor in ob/ob and db/db. Got2, Cd36, Slc27a2, and Slc27a5 gene expression ratios were significantly upregulated in the EtOH groups, correlating with sterol regulatory element binding protein 1c (SREBP1c) and V max, but only Cd36 expression was increased in HFD, ob/ob, and db/db mice. Comparison of V max with serum insulin and leptin suggests that both hormones contribute to upregulation of uptake in the FLSG animals. Thus, increased LCFA uptake, reflecting SREBP1c-mediated upregulation of four distinct transporters, is the dominant cause of steatosis in EtOH-fed mice. In ob/ob and db/db mice, increased LCFA synthesis appears more important. In FLSG animals, insulin upregulates hepatocellular LCFA uptake. Leptin appears to upregulate LCFA uptake or to be essential for full expression of upregulation by insulin.
ethanol; fatty acid transport; fatty acid synthesis; gene expression; obesity CURRENT CONCEPTS DIVIDE FATTY liver into two principal categories: alcoholic liver disease, which is related to ethanol (EtOH), and nonalcoholic fatty liver disease (NAFLD). Each category consists of a spectrum. In both, the earliest recognizable form is simple hepatic steatosis, which is typically reversible with removal of the inciting condition: EtOH abuse in the former or, most often, obesity in the latter. In both settings, however, simple hepatic steatosis may progress to steatohepatitis, either alcoholic or nonalcoholic (NASH), which in turn may result in hepatic fibrosis, cirrhosis, and end-stage liver disease. Since the transition to steatohepatitis is a critical point in the pathogenesis of severe liver disease, research interest in alcoholic liver disease and NAFLD has focused heavily on the pathogenesis of alcoholic hepatitis and NASH. Nevertheless, simple hepatic steatosis remains the essential first step in disease progression.
Simple hepatic steatosis reflects increased accumulation of lipid, principally triglyceride (TG), in hepatocytes. This may be imported intact or can be assembled from long-chain fatty acids (LCFAs) and glycerol in a process in which LCFA availability is usually rate-limiting. Simple hepatic steatosis can, in theory, result from any process that leads to increased TG input to or decreased TG output from the intrahepatocellular TG mass (13, 27) . These include increased LCFA uptake or synthesis, esterification of LCFA to TG, and uptake of preformed lipoprotein TG or decreased LCFA oxidation, synthesis of apolipoproteins, TG mobilization and insertion into VLDL, or VLDL secretion. Virtually all these processes have been reported to play a role in one or another model of hepatic steatosis (19, 22, 35, 44) , but the data are not always conclusive, and few studies have assessed several of these processes simultaneously. Therefore, their relative contributions remain largely unclear.
The aim of the present studies was to characterize the processes contributing to simple hepatic steatosis in various mouse models of fatty liver. We studied three different models of obesity-associated simple hepatic steatosis and simple hepatic steatosis in mice consuming three different doses of EtOH. Simple hepatic steatosis was assessed semiquantitatively in histological sections and by biochemical measurements of tissue TG; hepatocellular LCFA uptake was quantitated from studies of [ 3 H]oleic acid (OA) uptake kinetics, and the expression of multiple genes involved in, e.g., LCFA uptake, synthesis, esterification to triglyceride, oxidation, and assembly and secretion of VLDL was assessed by quantitative real-time PCR (qRT-PCR), in many cases supported by Western immunoblotting. Results demonstrated important pathophysiological similarities among all these models but also significant differences, the most striking of which depend on the functional status of leptin signaling.
MATERIALS AND METHODS

Chemicals and Reagents
9,10-[
3 H]OA (2.6 Ci/mmol) was purchased from PerkinElmer (Waltham, MA), nonradioactive oleate from Sigma Chemical (St. Louis, MO), BSA (fatty acid-free) from Boehringer Mannheim (Indianapolis, IN), and collagenase type I from Worthington (Lakewood, NJ). Protein concentrations were determined by the bicinchoninic acid (BCA) assay kit (Thermo Scientific, Rockford, IL).
Mice and Diets
Male C57BL/6J, ob/ob, and db/db mice were purchased from Jackson Laboratories (Bar Harbor, ME) at 6 wk of age. Upon receipt, mice were housed in group cages in a temperature-controlled facility with a 12:12-h light-dark cycle, with free access to water and a standard chow diet (3.07 kcal/g; LabDiet 5001, PMI, St. Louis, MO). Starting at 8 wk of age, groups of at least six ob/ob, db/db, and control C57BL/6J mice received the standard laboratory chow diet and water. Additional C57BL/6J mice received the chow diet and water containing 10% EtOH. Yet another group of C57BL/6J mice were fed a high-fat diet (HFD) containing 35% lard (5.45 kcal/g, 55% of calories from fat; Bio-Serv, Frenchtown, NJ) and water. In some of the EtOH groups, 10% EtOH was replaced with 14% EtOH after 4 wk (14% EtOH group), and in some of these, 14% EtOH was replaced with 18% EtOH after a further 4 wk (18% EtOH group). All EtOH-fed mice were killed after a total of 12 Ϯ 1 wk of EtOH treatment. Thus, groups designated as receiving 10% EtOH received that dose for the full 12 wk, those designated as 14% EtOH received that dose for 8 wk, and those designated as 18% EtOH received that dose for 4 wk. This incremental increase in the concentration of EtOH was necessary, because the C56BL/6J mice will freely consume 10% EtOH in water but will only consistently consume 14% and 18% EtOH after a period of conditioning at lower concentrations. Weights were recorded weekly, as was consumption of water or water-EtOH and food, until the final week before death, when weights were measured daily. Mice were euthanized at 20 Ϯ 1 wk of age after an overnight (12-h) fast. All applicable institutional and governmental regulations concerning ethical use of animals were followed. The protocol was approved by the Institutional Animal Care and Use Committee of Columbia University Medical Center.
Euthanasia and Tissue Harvesting
Euthanasia was accomplished with intraperitoneal injections of ketamine (0.1 mg/g) and xylazine (0.01 mg/g). Upon their death, the mice were randomly assigned to one of two protocols. Protocol 1. Abdomens were opened, and after perfusion of the portal vein with HBSS, livers were removed and used for cell isolation (see below).
Protocol 2. Livers were removed without perfusion and weighed. A portion of each liver was placed in neutral buffered formalin for subsequent paraffin embedding, sectioning, and staining with hematoxylin-eosin and Masson's trichrome. An additional portion was embedded in optimal cutting temperature compound (Tissue-Tek, Sakura Finetek, Torrance, CA), frozen on dry ice, and stored at Ϫ80°C for future sectioning. In the latter case, serial 7-m-thick sections were collected on poly-D-lysine-coated slides and stained with oil red O (ORO) and hematoxylin. A final portion was frozen for subsequent biochemical analyses.
Blood and Serum Analysis
A glucose meter (One-Touch, LifeScan, Milpitas, CA) was used to measure whole blood glucose by the glucose oxidase reaction in tail vein samples obtained just prior to induction of anesthesia. Additional blood was collected from the inferior vena cava upon the animal's death and promptly separated by centrifugation. Serum was stored at Ϫ20°C for subsequent analysis. The following serum measurements were performed in our laboratory with use of commercially available kits: albumin (Pointe Scientific, Canton, MI), free fatty acids (Wako Chemicals, Richmond, VA), TG (L-Type TG H, Wako Chemicals), total cholesterol (Cholesterol E, Wako Pure Chemical Industries, Osaka, Japan), and aspartate aminotransferase and alanine aminotransferase (AST and ALT; Stanbio, Boerne, TX). Serum leptin, insulin, and adiponectin concentrations were determined by immunoassay at the Hormone Research Core Laboratories of Vanderbilt University. The unbound oleate concentration in plasma was calculated from the oleate-to-albumin molar ratio () (50, 56, 62) using the LCFA-albumin binding constants of Spector et al. (50) . Homeostasis model assessment of insulin resistance (HOMA-IR) was calculated from fasting glucose and insulin concentrations as previously described (2) .
Determination of Hepatic Tissue TG and Cholesterol
Livers were homogenized in PBS. The total protein content was determined with the BCA protein analysis kit. Hepatic TG and cholesterol contents were determined, after Folch extraction (23) with the Cholesterol E and L-Type TG H kits described above, according to the manufacturer's instructions.
Histological Examination and Estimation of Tissue Neutral Lipids
Hematoxylin-eosin-, Masson's trichrome-, and ORO-stained sections of liver were examined. Semiquantitative estimates of neutral lipids in the ORO-stained hepatic sections were determined in a blind study by two observers (F. Ge and P. D. Berk) who were unaware of the treatments of the individual mice and resulting biochemical measurements of tissue lipid content. The degree of steatosis was visually scored on a scale of 0 -3 in five noncontiguous high-power fields in three slides from each mouse on the basis of published criteria (32) . Results of the two observers were averaged to calculate a steatosis score for each animal. Histological images were observed at ϫ250 magnification with a Nikon Eclipse 80i microscope and captured with a Nikon digital camera (model DXM 1200C) using a standard exposure for all photographs.
Isolation of Hepatocytes for Kinetic Studies
Hepatocytes were isolated as previously reported (48, 53, 54, 57) . All preparations were checked for viability by trypan blue staining, and only preparations in which Ն90% of hepatocytes excluded trypan blue were used. Cells in suspension were counted under a microscope, and cell concentrations were adjusted to 2-4 ϫ 10 6 cells/ml for use in OA uptake assays.
Cellular Uptake of OA
The rapid filtration methods well established in our laboratory were used to determine the initial uptake velocity of OA into hepatocytes (53, 54) at 37°C from medium containing 500 M BSA in triplicate over 15 s at five different unbound OA concentrations. Uptake by these cell types is linear over this time frame, and we have established that, under these conditions, measured uptake principally reflects transmembrane LCFA transport relatively independently of unstirred water layer effects or subsequent intracellular binding or metabolism (47, 53) .
Computations and Data Fitting
On the basis of multiple prior studies in rodents and humans (4, 5, 40, 56, 57) , values for initial OA uptake velocity at the five studied concentrations of unbound OA were fitted by computer to Eq. 1 with use of SAAM II software as modified for implementation on a laptop computer (3, 9) . Equation 1 indicates that LCFA uptake is the sum of a saturable plus a nonsaturable function of the unbound LCFA concentration in plasma. Thus
where 
Analysis of Hepatic Gene and Protein Expression
qRT-PCR. For qRT-PCR, QIAamp RNA mini kits (Qiagen, Valencia, CA) were used, according to the manufacturer's protocol, to extract total RNA from tissue samples. First-strand cDNAs were synthesized using TaqMan reverse transcription reagent kits (Applied Biosystems, Foster City, CA). Random hexamers were used as primers. PCRs were performed in a total volume of 50 l containing 500 ng of cDNA on the 7300 real-time PCR system using SYBR Green PCR Master Mix (Applied Biosystems) as described in the manufacturer's guidelines. We used the mouse geNorm kit (␤ 2-microglobulin), GAPDH, and ubiquitin C (PrimerDesign, Southhampton, UK) for housekeeping gene analysis. Primer sequences were selected with the use of Primer 3 software [S. Rozen and H. Skaletsky (http:// frodo.wi.mit.edu/primer3/)]. All primers were synthesized by IDT (San Jose, CA). The genes studied, the primers employed, and the commonly used names of the encoded proteins are listed in Table 1 . We use the gene designation to describe RNA expression studies (e.g., qRT-PCR) and their results and protein names for studies of protein expression (e.g., Western blots).
Western blots. For detection of fatty acid synthase (FASN), steroylCoA desaturase (SCD1), acetyl-CoA carboxylase (ACC1), CD36, fatty acid transport protein 2 (FATP2), and plasma membrane-associated fatty acid-binding protein (FABPpm), total protein extracts were prepared from murine liver with use of cell lysis buffer (Cell Signaling Technology). Particulate material was removed by centrifugation, and protein concentration was determined using the BCA protein assay kit. Equal amounts of total protein (50 g/sample) were subjected to electrophoresis in NuPAGE 4-12% Bis-Tris gels (Invitrogen, Carlsbad, CA) and then electrophoretically transferred to a nitrocellulose membrane. Nonspecific binding was blocked by incubation of membranes with nonfat dry milk (5%) for 1 h at room temperature. The blots were incubated with the following primary antibodies: rabbit anti-mouse FASN, ACC1, FABPpm, FATP2, and ␤-actin or goat anti-mouse SCD1 and CD36. All primary antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA), except anti-FABPpm, which was prepared in our laboratory, anti-FATP2 (a gift from Dr. Andreas Stahl), and anti-CD36 (R & D Systems, Minneapolis, MN). Each primary antibody was incubated for 2 h or overnight at a dilution of 1:1,000, except for ␤-actin, which was diluted at 1:10,000. Goat anti-rabbit and donkey anti-goat IgG secondary antibodies (1:4,000 dilution; Santa Cruz Biotechnology) were used to identify primary antibody binding sites. All the Western blot results were analyzed by scanning densitometry and densitometric image analyzer software [Image J, National Institutes of Health, Bethesda, MD (rsb.info.nih.gov/ij/download/)].
Statistical Analysis
All results are expressed as means Ϯ SE. Significance of differences between groups for the various parameters studied was assessed using Student's t-tests. Statistical significance was set at P Ͻ 0.05.
RESULTS
Age, Caloric Intake, Body Weight, and Serum Biochemical Tests
Age and caloric intake. The mean age of the mice at death was 19.8 Ϯ 0.1 wk and was virtually identical in all the groups. Total caloric intake in the week prior to death is presented in Table 2 . It was marginally increased in the HFD group and significantly increased in the ob/ob and db/db groups. Among EtOH-fed mice, as EtOH intake, which was nil in the control animals, increased from 3.0 Ϯ 0.1 to 3.9 Ϯ 0.2 to 4.8 Ϯ 0.6 kcal·day Ϫ1 ·mouse Ϫ1 in the 10%, 14%, and 18% EtOH groups, respectively, food intake decreased to 9.8 Ϯ 0.6, 9.5 Ϯ 0.6, and 10.4 Ϯ 1.2 kcal·day Ϫ1 ·mouse Ϫ1 . Overall, there was a small, dose-related upward trend in total caloric intake in the EtOH groups, but in none was total caloric intake significantly greater than in controls. Total caloric intakes in the HFD and 18% EtOH groups were not significantly different (Table 2) .
Body weights and relevant serum biochemical parameters. Data at death are summarized in Table 2 . The 14% and 18% EtOH groups were slightly lighter than the chow-fed controls Fatty acid concentrations. Serum total LCFA concentration rose a maximum of 1.8-fold, from 0.67 Ϯ 0.07 mM in controls to their highest value, 1.22 Ϯ 0.30 mM, in 18% EtOH mice (0.1 Ͼ P Ͼ 0.05). While the mean total LCFA concentration was greater in all experimental groups than in controls, in none of the groups was the increase statistically significant. However, it is the unbound LCFA level (LCFA u ), not the total LCFA level, that drives nonsaturable and saturable LCFA uptake. Because of the complex binding relationship between LCFA and the multiple classes of LCFA binding sites on albumin, LCFA u increases as a quasiexponential function of (4, 48, 50, 56) . EtOH produced a threefold increase in LCFA u , from 163 Ϯ 17 nM in controls to 490 Ϯ 123 nM in 18% EtOH mice (Fig. 1) . In contrast to total LCFA, the increase in LCFA u was statistically significant in all experimental groups. The underappreciated relationship of LCFA u to is of high clinical relevance in lipotoxic diseases.
Liver Weights and Lipid Content
Liver weight and hepatic TG were significantly increased in all experimental groups (Table 3) . Hepatic cholesterol content was also increased, although this was not statistically significant in the 10% EtOH and HFD groups. 
Hepatic Histology
Occasional, small inflammatory foci of predominantly neutrophilic inflammation were seen in all groups including controls in hematoxylin-eosin-stained sections but were not appreciated in ORO-stained sections. Ballooning, Mallory bodies, and fibrosis were not observed in any group in this study. In ORO-stained sections (Fig. 2) , a limited number of small lipid droplets was seen in the centrilobular regions of normal livers. ORO-stainable droplets were visually more prominent in the EtOH groups as the EtOH dose increased. Coalescence into even larger lipid droplets occurred in HFD, db/db, and ob/ob mice. Hepatic steatosis scores ranged from 0.59 Ϯ 0.2 in controls to 3.0 Ϯ 0.0 in the ob/ob and db/db groups and were significantly increased (from 1.33 Ϯ 0.2 to 1.7 Ϯ 0.2, P Ͻ 0.001) in all the EtOH groups. The score in the 18% EtOH group was not significantly different from the score in HFD mice (1.7 Ϯ 0.2 and 2.33 Ϯ 0.2, respectively). Hepatic steatosis scores were significantly correlated with log 10 (hepatic TG content) (r ϭ 0.8, P Ͻ 0.05).
LCFA Uptake in Hepatocytes
V max for hepatocellular LCFA uptake increased in a dosedependent fashion in all three EtOH groups and in HFD mice (P Ͻ 0.001 vs. control in all; Fig. 3A ) and correlated with liver weight (r ϭ 0.8, P Ͻ 0.01) and TG content (r ϭ 0.7, P Ͻ 0.05), suggesting that increased saturable LCFA uptake is a key contributor to steatosis in FLSG animals. By contrast, V max for hepatocellular LCFA uptake was not increased in ob/ob, and only marginally increased in db/db, mice, although these two strains had the heaviest, most steatotic livers. While it is possible that the marked hepatic steatosis in ob/ob and db/db livers inhibited further increases in LCFA uptake, no such inhibition was seen in the HFD group, which also had a highly significant increase in hepatic TG. Absolute rates of LCFA uptake in each group (Fig.  3B) were calculated from the kinetic constants and the values for LCFA u . The absolute rates of saturable uptake generally paralleled the pattern exhibited by the V max data but were significantly increased in all experimental groups, reflecting increases in V max and LCFA u in the FLSG mice and increases in LCFA u in the ob/ob and db/db animals. As with V max , the smallest increases in saturable uptake were found in ob/ob and db/db mice. Total LCFA uptake, reflecting increases in saturable and nonsaturable uptake, was significantly increased in all experimental groups except db/db mice. Saturable LCFA uptake was increased 2.5-to 4.2-fold and total LCFA uptake 2.6-to 3.9-fold in the EtOH and HFD groups. Despite the small changes in V max , saturable LCFA uptake was, nonetheless, increased 1.6-and 1.8-fold in the db/db and ob/ob mice, respectively, principally driven by the increase in LCFA u . Total uptake in these groups was increased 1.5-and 2.4-fold, again principally reflecting the changes in LCFA u .
In FLSG mice, saturable and total LCFA uptake were significantly correlated with hepatic TG content (Fig. 4 ) and liver weight (not shown). The coefficients of determination (R 2 ) for these regressions suggest, e.g., that increased saturable LCFA uptake accounts for ϳ80% of the increase in hepatic TG within these groups. Liver TG content and organ weights in ob/ob and db/db mice greatly exceeded values projected as functions of V max for saturable or total LCFA uptake from regressions in FLSG mice, implying that processes besides LCFA uptake contributed appreciably to hepatic steatosis in these strains (Fig. 4) . 
Gene Expression Studies
The expression of 19 genes considered relevant to the pathogenesis of hepatic steatosis was quantitated by qRT-PCR ( Table 1 ). The expression of six of these, three enzymes central to the de novo synthesis of fatty acids and three plasma membrane fatty acid transporters, was also studied by Western blotting. In all these cases, the direction of change from that observed in control livers was identical as measured by both methods, and expression ratios measured by qRT-PCR and Western blotting were highly correlated.
De novo lipogenesis. Statistically significant increases vs. control were found in the qRT-PCR gene expression ratios of the hepatic transcription factor sterol regulatory element binding protein 1c (SREBP1c) and of three key enzymes downstream of SREBP1c that regulate LCFA synthesis, acetyl-CoA carboxylase 1 (Acc1), fatty acid synthase (Fasn), and stearoylCoA desaturase 1 (Scd1), in most of the models studied, with the greatest increases typically occurring in the ob/ob and db/db groups (Fig. 5A) . qRT-PCR expression ratios for SREBP1c were significantly correlated with those of Acc1 (r ϭ 0.85, P Ͻ 0.01), Fasn (r ϭ 0.62, P Ͻ 0.02), and Scd1 (r ϭ 0.96, P Ͻ 0.01), consistent with prior reports that SREBP1c regulates each of these enzymes (30) . qRT-PCR expression ratios for diacylglycerol acyltransferase 2 (Dgat2) were also statistically significantly increased. These data suggest that increased LCFA synthesis and, possibly, increased conversion of LCFA to TG, are processes contributing to the development of simple hepatic steatosis from many causes. The data further suggest that upregulation of de novo lipogenesis may be appreciably greater in the ob/ob and db/db than FLSG mice (Fig. 5A) . In contrast to Dgat2, we found no statistically significant upregulation of Dgat1 in any experimental group (data not shown). Hepatic lipoprotein lipase (Lpl), which may accelerate LCFA uptake by increasing the local lipolysis of lipopotein TG to LCFA, was significantly upregulated only in ob/ob and db/db mice, and the LDL receptor (Ldlr), which may increase the uptake of preformed TG within lipoproteins, was upregulated only in the HFD group (data not shown). Representative Western blots of the expression of ACC1, FASN, and SCD1 are shown in Fig. 5B . The Western blot expression ratios in the experimental groups tended to be increased to a greater extent than the corresponding qRT-PCR data, but the two data sets were highly significantly correlated (r ϭ 0.688, degrees of freedom ϭ 13, P Ͻ 0.01).
LCFA transporters. When assessed by qRT-PCR, no statistically significant upregulation was observed in the hepatocellular expression of caveolin 1 (Cav1) or Slc27a1 in any experimental group (Fig. 6A) . Got2, Slc27a2, and Slc27a5 gene expression ratios were significantly upregulated in a dose-dependent fashion in the EtOH groups, correlating roughly with V max , but were not significantly increased in any of the obesity groups (HFD, ob/ob, or db/db), whether or not they had functional leptin signaling. Cd36 was upregulated most widely, including the 14% and 18% EtOH groups (a small increase in the 10% EtOH group was not statistically significant) and HFD, ob/ob, and db/db groups. Thus, upregulation of Cd36 gene expression was found in the presence and absence of functional leptin signaling. While the Cd36 upregulation also correlated with the V max for LCFA uptake (r ϭ 0.95, P Ͻ 0.01) in FLSG mice, this relationship broke down in the ob/ob and db/db strains, which had the greatest degrees of Cd36 upregulation but exhibited little or no increase in V max (Fig. 6B) . Western blot studies for FABPpm, FATP2, and FAT/CD36 protein expression were performed in the control, 18% EtOH, HFD, ob/ob, and db/db groups. Western blot expression ratios were significantly correlated (P Յ 0.05) with the qRT-PCR results for FABPpm (r ϭ 0.75), FATP2 (r ϭ 0.88), and CD36 (r ϭ 0.89).
Additional hepatic gene expression data. We found no statistically significant regulation of the hepatic genes for apolipoprotein B (ApoB) or microsomal TG transfer protein (Mttp) and, therefore, no support for a significant decrease in LCFA and TG excretion from the liver in VLDL, in any of the models. Similarly, variations in hepatic expression of genes for carnitine palmitoyl transferase 1 (Cpt1), which imports LCFA into mitochondria for oxidation, and in dodecenoyl-CoA ␦-isomerase (Dci), a mitochondrial enzyme involved in ␤-oxidation of unsaturated LCFA, were not statistically significant in these models. Furthermore, genes for cytochrome P-4502E1 (Cyp2e1) and cytochrome P-4504A (Cyp4a), both of which have been implicated in lipid peroxidation and generation of reactive oxygen species in alcoholic liver disease and NAFLD (20, 28, 33, 49) , showed no significant changes in expression in any of the groups in the present experiments.
Influence of Insulin and Leptin on Hepatocellular LCFA Uptake
Our studies found an increase in serum levels of insulin and leptin in all the FLSG mice. The increase in leptin in the EtOH groups, in particular, while reported previously (38) , does not appear to be widely appreciated. The increase in the V max for hepatocellular LCFA uptake that characterized all the other models with hepatic steatosis was absent in ob/ob and db/db mice (Fig. 3) . These data amplify observations reported earlier in leptin receptor-deficient Zucker fatty (fa/fa) and Wistar control rats (7). One possible explanation for these data is that leptin may be necessary for upregulation of hepatocellular LCFA uptake. An alternative is that the failure of V max to increase in parallel with the increased insulin concentrations observed in ob/ob and db/db mice reflects the marked insulin resistance also present in these strains (Table 2) , rather than the absence of leptin signaling per se. To further explore the effects of insulin and leptin on saturable hepatocyte LCFA uptake, the respective V max data were plotted as functions of the values for serum insulin and leptin concentrations in the various experimental groups. In FLSG hepatocytes, V max for LCFA uptake appeared to be a saturable function of insulin and leptin concentrations (Fig. 7) . On the insulin curve (Fig. 7A) , the ob/ob and db/db V max at the V max -insulin data points was less than one-third of that predicted from the FLSG V maxinsulin regression. On the leptin curve (Fig. 7B) , the ob/ob V max at the V max -leptin data point was similar to that in controls and fell virtually on the FLSG V max -leptin regression curve, whereas in db/db animals the corresponding V max -leptin data point was, again, less than one-third of the value predicted by the FLSG regression. Thus, leptin and insulin appear to contribute to upregulation of hepatocyte LCFA uptake. The data are, again, consistent with either of two interpretations: 1) leptin is required for expression of the upregulatory effects of insulin on hepatic parenchymal cells, or 2) the failure of ob/ob and db/db mice to upregulate their saturable LCFA uptake processes reflects the marked insulin resistance in these strains. Further studies are required to clarify this issue.
DISCUSSION
The spectrum of NAFLD is the most prevalent form of liver disease in the Western world. The proportion of patients who traverse the NAFLD spectrum, from simple hepatic steatosis to end-stage liver failure requiring transplantation, is small. However, since the absolute number of NAFLD patients is so large, the number requiring liver transplantation is also large, growing, and already projected to replace chronic hepatitis C as the Fig. 6 . A: hepatic quantitative real-time PCR gene expression ratios for LCFA transporter genes in controls and 6 experimental groups with hepatic steatosis. No regulation was seen for Cav1, and no upregulation for Slc27a1 was observed in any of the experimental groups. Got2, Slc27a2, and Slc27a5 were significantly upregulated in the EtOH groups, but not in HFD mice. Cd36 was upregulated in all experimental groups. *P Ͻ 0.05; **P Ͻ 0.01. B: relationship of hepatocyte Cd36 gene expression ratio to Vmax for saturable hepatocellular LCFA uptake. A similar relationship was found for total LCFA uptake (not shown). Cd36 expression shows a tight logarithmic correlation with LCFA uptake in groups with functional leptin signaling (r ϭ 0.95). However, uptake is far less than predicted from this regression and Cd36 expression ratio in ob/ob and db/db mice. Values are group means Ϯ SE.
dominant indication for liver transplantation in the not too distant future (18) . Alcoholism is the third most prevalent preventable cause of death in the United States, and end-stage alcoholic liver disease is responsible for many of these deaths (16, 36) . Similar to NAFLD, alcoholic liver disease also comprises a spectrum of which the earliest component is simple hepatic steatosis. While this term has been somewhat abused (14), we use it here to describe a histological picture dominated by intracellular large-droplet fat in the absence of major evidence of inflammation, ballooning, Mallory-Denk bodies, other manifestations of cellular degeneration, or fibrosis. Although a greater research effort is devoted to the more advanced and potentially progressive entities, namely, NASH and alcoholic steatohepatitis, we have focused our attention on the pathogenesis and pathophysiology of simple hepatic steatosis because of its position at the start of the slippery slope that can lead to serious alcoholic liver disease and NAFLD.
Our goal was to investigate the pathogenetic mechanisms leading to the development of simple hepatic steatosis in mouse models of obesity and chronic EtOH consumption. We sought to conduct the studies in primarily natural, widely available, minimally invasive models in which, for example, gene knockouts did not interfere with the normal regulatory and counterregulatory responses of intermediary metabolism. In view of a recent study demonstrating that the body's initial responses to nutritional perturbations such as the introduction of an HFD may be quite transitory (39), we also sought to work in models in which steady-state responses to such perturbations had been achieved. Finally, between 8 and 20 wk of age, mice continue to grow and undergo various other maturational changes. Therefore, to eliminate differences in age-related changes in body and organ weights from our final intergroup comparisons, our biostatistical consultant urged us to study all our mice at the same age (20 wk), at which preliminary studies showed clear-cut differences in the major parameters of interest between the three EtOH groups at death. The models in which studies were conducted 3 mo after the introduction of EtOH or an HFD meet these stipulations. While the final requirement regarding normal regulatory responses is not met by congenic strains such as ob/ob and db/db mice, because of the wealth of general information accumulated in these strains coupled with the lack of information about issues of particular interest to our laboratory, such as hepatic LCFA uptake processes, it was very appealing to include them in the study.
Because results in a number of lines of our investigation have diverged substantially between mice with functional leptin signaling (e.g., EtOH-and HFD-fed mice) and those with defective leptin signaling, we have used the term "FLSGs" as a convenient, descriptive shorthand for the former. While the data unequivocally indicate significant differences in some parameters between FLSG and ob/ob and db/db mice, this shorthand should not be interpreted to indicate that these differences are the direct consequences of differences in leptin signaling. As already noted, some of these differences are also interpretable in terms of marked differences in insulin resistance and, consequently, insulin signaling.
In the present study, upregulation of saturable, facilitated hepatocellular LCFA uptake, as reflected, for example, in an increase in the V max for total uptake, was found to account for the majority of the increase in hepatic TG content in mice consuming EtOH or an HFD (R 2 ϭ 0.73-0.84). In contrast to these results in mice with functioning leptin-signaling systems, the V max for saturable LCFA uptake was not increased in ob/ob animals and only modestly increased in db/db animals. Nevertheless, because of an increase in LCFA u in all strains studied, ob/ob and db/db mice also had smaller, but statistically significant, increases in total LCFA uptake that were driven entirely by the increase in LCFA u . Liver weight and hepatic TG content in the ob/ob and db/db strains were increased to a far greater extent than would be predicted from the relation- Fig. 7 . Relationship of Vmax for hepatocyte LCFA uptake to serum insulin (A) and leptin (B) concentrations. Values are group means Ϯ SE. Vmax for hepatocyte LCFA uptake in functioning leptin-signaling groups (FLSGs) was an apparent saturable function of serum insulin or leptin concentration, respectively. Deviations from these curves by ob/ob and db/db groups were consistent with a role for insulin in upregulating LCFA uptake. Leptin appears to be necessary for expression of upregulating effects of insulin in hepatocytes.
ships between these parameters and V max or absolute hepatic uptake defined in the FLSG mice. This suggests that another process is a major, if not the major, cause of hepatic steatosis in mice with these mutations. Gene expression studies in these strains suggest that an especially prominent increase in de novo hepatic LCFA synthesis is likely to be that process. Isotope infusion/dilution techniques can be used for direct measurement of de novo hepatic LCFA synthesis in mouse livers in vivo or in isolated mouse hepatocytes in vitro (24 -26, 31, 51) and will be employed in our models in future studies. An additional factor that might contribute to the large discrepancy between LCFA uptake and hepatic TG content in the ob/ob and db/db groups is suggested by the upregulation of hepatic Lpl expression, which was observed only in these groups. If hepatic Lpl enzymatic activity is indeed increased in these strains, the resulting increase in local lipolysis of lipoprotein-TG might lead to a local increase in intrasinusoidal LCFA and LCFA u concentrations that are not detected by measurements of these parameters in peripheral blood. This would be unlikely to alter our measurements of the kinetic constants for LCFA uptake, but it is conceivable that, under these circumstances, calculations of absolute rates of LCFA uptake might underestimate the actual fluxes. It is unlikely that the underestimates would be sufficient to account for the large discrepancies between our estimates of LCFA uptake and hepatic TG content.
The small, but statistically significant, increases in Dgat2 found in all strains studied suggest that the enzymatic machinery required to convert observed increases in LCFA uptake and/or synthesis to TG was also increased in all strains studied. Our studies found no evidence that significant decreases in LCFA oxidation or in LCFA and TG excretion in lipoproteins represent a major contributor to hepatic steatosis in our models.
Given the marked increases in saturable hepatocellular LCFA uptake in all models with functional leptin signaling, it was of particular interest to examine the expression of genes for putative LCFA transporters. FABPpm (12, 55) , believed to be identical to mitochondrial AST (6, 58) , the lipid scavenger receptor CD36 (1), fatty acid transporting protein isoforms 2 and 5 (FATP2 and FATP5) (29, 45, 52) , and caveolin-1 (41, 60) have been reported to be transporters for hepatocellular LCFA uptake. Among Ͼ3,500 articles about hepatic steatosis published in the past 5 years, there is an extensive literature on the possible roles of each of these proteins in LCFA transport, summarized in multiple reviews (4, 10, 13, 59) . All have been found to be upregulated in one or more cell types in a variety of models and systems. However, no prior study of which we are aware examines their roles simultaneously in multiple models. The studies reported here clearly document significant upregulation of saturable hepatocellular LCFA uptake in the setting of hepatic steatosis associated with consumption of an HFD or EtOH, but not in the setting of steatosis due to deficient leptin signaling (ob/ob and db/db mice). In the groups with increased saturable LCFA uptake due to EtOH feeding, there were appreciable increases in Got2, Cd36, Slc27a2, and Slc27a5 gene expression, all of which were highly correlated with increased expression of SREBP1c. Expression of Cd36, but not the others, was also upregulated in the HFD mice. Indeed, Cd36 expression was significantly correlated with the V max for hepatocellular LCFA uptake across all the FLSG mice (r ϭ 0.89, P Ͻ 0.05). However, the relationship between transporter gene expression and saturable LCFA uptake breaks down in leptin-signaling-deficient strains. The strongest upregulation of Cd36 was found in ob/ob and db/db mice, which had the smallest increases in saturable LCFA uptake. The reasons for this interesting discrepancy remain to be determined. The nonsignificant upregulation of Got2 and absence of upregulation of Slc27a2 and Slc27a5 in HFD mice, which were hyperleptinemic, as well as in the ob/ob and db/db animals, suggest that overall regulation of these multiple transporters may well be multifactorial, with leptin, insulin, and EtOH playing a role. Hepatic expression of Slc27a1 and Cav1 was not found to be upregulated in any of the experimental groups.
The concept that facilitated LCFA transport is mediated by a single transporter in any given cell type is looking increasingly naïve (59) . Indeed, evidence is growing that multiple different transporters, possibly responding to common and specific regulatory signals, may play a role in cellular LCFA uptake in a given cell type. This concept is most strongly supported in the heart, where several studies have presented evidence that FABPpm and CD36 may work cooperatively in facilitated LCFA uptake (11, 17, 46) . Our study suggests parallel regulation of these two transporters, as well as FATP2 and FATP5, in hepatocytes.
The present studies provide strong functional evidence that regulated LCFA uptake processes play a dominant role in the accumulation of TG in the liver in hepatic steatosis associated with common causes such as obesity and EtOH. The gene expression studies also indicate that several transporters participate in the increased saturable LCFA uptake observed at least in EtOH-fed mice. Head-to-head comparisons of the hepatocellular expression of these multiple LCFA transporters have not been previously reported. However, as summarized in several cited reviews (15, 21, 34, 42, 43) , gene expression data from these and other studies suggest that increased de novo synthesis of LCFA is a second, important contributing factor in simple hepatic steatosis from many causes and, perhaps, the dominant process in the absence of leptin signaling. By sequestering increased amounts of TG in lipotoxicity-resistant obese adipocytes, increased facilitated LCFA uptake, demonstrated functionally in rodents (8, 61) and humans (40) , and decreased LCFA oxidation, suggested by gene expression results for Dci in mice and for multiple proteins involved in LCFA oxidation in humans (61), may play an important, protective role against lipotoxicity in tissues such as liver, heart, and pancreas.
Other results suggested by the present study, such as the roles of insulin and leptin in regulating facilitated LCFA uptake and the roles and regulation of specific LCFA transporters in promoting simple hepatic steatosis under various circumstances, represent interesting suggestions that should attract future efforts at more concrete experimental validation.
